The Indonesian islands of Sumatera and Kalimantan (the Indonesian part of the island of Borneo) are a center of significant and rapid forest cover loss in the humid tropics with implications for carbon dynamics, biodiversity conservation, and local livelihoods. The aim of our research was to analyze and interpret annual trends of forest cover loss for different sub-regions of the study area. We mapped forest cover loss for 2000-2008 using multi-resolution remote sensing data from the Landsat enhanced thematic mapper plus (ETM+) and moderate resolution imaging spectroradiometer (MODIS) sensors and analyzed annual trends per island, province, and official land allocation zone. The total forest cover loss for Sumatera and Kalimantan 2000-2008 was 5.39 Mha, which represents 5.3% of the land area and 9.2% of the year 2000 forest cover of these two islands. At least 6.5% of all mapped forest cover loss occurred in land allocation zones prohibiting clearing. An additional 13.6% of forest cover loss occurred where clearing is legally restricted. The overall trend of forest cover loss increased until 2006 and decreased thereafter. The trends for Sumatera and Kalimantan were distinctly different, driven primarily by the trends of Riau and Central Kalimantan provinces, respectively. This analysis shows that annual mapping of forest cover change yields a clearer picture than a one-time overall national estimate. Monitoring forest dynamics is important for national policy makers, especially given the commitment of Indonesia to reducing greenhouse gas emissions as part of the reducing emissions from deforestation and forest degradation in developing countries initiative (REDD+). The improved spatio-temporal detail of forest change monitoring products will make it possible to target policies and projects in meeting this commitment. Accurate, annual forest cover loss maps will be integral to many REDD+ objectives, including policy formulation, definition of baselines, detection of displacement, and the evaluation of the permanence of emission reduction.
Introduction
Carbon emissions from deforestation and forest degradation are the second largest source of anthropogenic carbon emission Considered a cost effective way to mitigate anthropogenic greenhouse gas emissions, the reducing emissions from deforestation and forest degradation in developing countries (REDD+) policy framework plans to financially compensate developing tropical nations for reducing their deforestation and forest degradation (Gullison et al 2007 , Baker et al 2010 . For the first time, the 16th Conference of the Parties (COP16) formally established a REDD+ mechanism under the auspices of the United Nations Framework Convention on Climate Change (UNFCCC). Based on the COP16's decisions, developing countries are encouraged to contribute to their reduction of emissions from deforestation and forest degradation (REDD), conservation of forest carbon stocks, sustainable management of forest, and enhancement of forest carbon stocks (REDD '+'). Developing countries are further encouraged to develop a robust and transparent national forest monitoring system to evaluate the above-mentioned activities (COP16/CMP6 2010).
Indonesia has the third largest extent of the world's remaining humid tropical forests, extensive forested peatlands, and a high rate of deforestation (Achard et al 2002 , FAO 2005 , Mayaux et al 2005 , Hansen et al 2009 , Forest Watch Indonesia/Global Forest Watch 2002 , which makes the country highly significant in the context of REDD+. Indonesia's forests are rich in biological diversity and provide ecosystem goods and services such as watershed protection and erosion prevention. Indonesian tropical forests also play a critical role for the livelihood of local communities and the national economy (Forest Watch Indonesia/Global Forest Watch 2002) . In recognition of the importance of carbon sequestration and other important ecosystem services, a new REDD+ initiative, the 'Norway-Indonesia REDD+ Partnership' aims at reducing emissions from deforestation and degradation in Indonesia 3 . For Indonesia, the lack of timely, spatially and temporally detailed information on forest cover loss rates hampers forest management and governance (Fuller 2006 , Hansen et al 2009 , posing a challenge in meeting the objectives of REDD+. A monitoring system that fits the objectives of REDD+ to calculate greenhouse gas emissions requires two inputs: activity data and emissions factors (Intergovernmental Panel on Climate Change 2003 , 2006 . Activity data quantify the area of forest land cover classes that have been converted to non-forest land cover classes. Emissions factors refer to emissions of greenhouse gases per unit area of a given forest class that was converted to a non-forest class. Quantifying activity data is critical for the formulation and evaluation of REDD+ policy, including the specification of deforestation baselines, quantification of displacement of deforestation, and evaluation of persistence of reduced deforestation rates (Miles and Kapos 2008) . For example, deforestation has been displaced to Indonesia from countries that have slowed their deforestation rates or increased their forest area (Meyfroidt et al 2010) . Annual updates of forest change are a REDD+ objective (Baker et al 2010) that has not been met in Indonesia.
Our overall objective of this research was to quantify and interpret interannual gross forest cover loss trends at the island and regional level from 2000 to 2008. While 'deforestation' implies a permanent conversion to non-forest, we use the term 'forest cover loss' to refer to areas that have been converted from a forest cover to a non-forest cover class within the study interval. The quantification of high spatial and temporal variations in forest cover loss trends, as they have been documented for the Brazilian Amazon (INPE 2010), requires detailed annual maps. Previous work quantifying Indonesian forest cover loss provided multi-year average maps (Government of Indonesia/World Bank 2000), sample-based estimates (e.g. Hansen et al 2009) , and annual maps for specific regions (Gaveau et al 2009a , 2009b , 2009c , Uryu et al 2008 , van der Werf et al 2008 . Large area national-scale efforts to map forest cover loss at moderate spatial resolution 4 and at annual time steps are missing (Sanchez-Azofeifa et al 2009). Consequently, spatial and temporal variations in Indonesia's forest cover loss trends have not been quantified in detail. Quantifying such trends is needed for targeting and evaluating policy aiming to reduce forest cover loss. Our analysis focuses on the island groups of Sumatera and Kalimantan (Indonesian Borneo), an area of ∼100 Mha and the primary area of recent forest clearing activities (Hansen et al 2009 , Mayaux et al 2005 , Curran et al 2004 , Fuller et al 2004 , Gaveau et al 2009a , 2009c Broich et al (2011) showed that even when combining cloud-free data from large numbers of Landsat 7 imagery, annual, gap-free forest cover loss maps over large areas cannot be derived. However, accurate, internally consistent, large area maps of forest cover loss based on Landsat 7 time-series data over a multi-year interval are feasible (Broich et al 2011) . Freely available Landsat images represent the most complete remotely sensed dataset at moderate spatial resolution for the past decade.
Here we quantified forest cover loss trends by disaggregating Landsat-based moderate spatial, coarse temporal resolution maps, which represent forest cover loss area over a multiyear interval, to individual years. We used annual forest cover loss indicator maps derived from high temporal, coarse spatial resolution MODIS data 5 to disaggregate Landsat-based forest cover loss maps to individual years. This data integration was needed to produce annual maps of forest cover loss over large areas that cannot be derived solely from Landsat or MODIS data. We investigated the following research questions using multi-source satellite and forest land use data to improve current understanding of Indonesian forest cover loss dynamics: 
Methods

Definitions
Forest was defined as >25% canopy cover of trees 5 m in height. Forest cover loss was measured without regard to forest land use, and included plantation and palm estate change dynamics. Using the above definition of forest, forest cover loss was defined as the conversion of forest to non-forest, and represents a stand-replacement disturbance at a 60 m spatial resolution. By using the term forest cover loss, we emphasize that we did not differentiate between a temporary loss of forest and a permanent conversion to a non-forest land cover. Consequently, 'forest cover loss' represents gross rather than net area and rate. Selective logging, defined as tree harvesting that does not result in conversion of forest to non-forest, was not part of our forest cover loss definition and was not mapped. Throughout this research, the term 'trend' is used to describe a 'general tendency'. The term, as used here, does not refer to a 'statistical trend', as the small sample size of eight observations (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) precluded the robust identification of statistically significant trends.
Data
We utilized data from the Landsat 7 enhanced thematic mapper plus (ETM+) and MODIS sensors and digital elevation data from the Shuttle Topography Radar Mission (SRTM). Landsat 7 data were downloaded from USGS/EROS (WWW1) and resampled to 60 m × 60 m spatial resolution. MODIS 16 day composites of the MODIS land bands (Vermote et al 2002) and the thermal bands (10 780-11 280 nm) were obtained for 2000 -2008 . SRTM-obtained digital elevation data (Rabus et al 2003 , USGS 2006 were downloaded for the study area (WWW3).
The latest update of the Digital Map of Indonesian Forest Land Use vector 6 dataset was obtained from the Ministry of Forestry Indonesia (2008) .
Indonesia has three official function-based 'forest' land allocation zones, which include production forest (including regular production, limited production, and conversion), watershed protection forest, and biodiversity conservation forest 7 (Law Republik Indonesia 1999). Selective logging and permanent forest clearing are allowed in conversion forests. Selective logging and temporary forest clearing, followed by sufficient replanting are allowed in regular production forests. Selective logging and restricted forest clearing are allowed in limited production forests (Ministry of Forestry Indonesia 2003a). Selective logging and clearing are also legal outside the forest zone on 'other use' 8 lands that are not under the jurisdiction of the Ministry of Forestry. However, clearing is prohibited in watershed protection forest and biodiversity conservation forest (Ministry of Forestry Indonesia 2003a). For our analysis, we used the following six land uses zones: conversion forest, regular production forest, limited production forest, watershed protection forest, biodiversity conservation forest, and other use (figure 1).
Annual forest cover loss mapping
For this study, we used the method described in Broich et al (2011) to automatically map forest cover loss at 60 m × 60 m spatial resolution, for the 2000-2008 time interval, using Landsat ETM+ and MODIS imagery as inputs. Due to persistent cloud cover and limited acquisitions per year, multiple years of Landsat 7 imagery have to be combined to derive complete cloud-free forest cover loss maps (Broich et al 2011) . Landsat images were first radiometrically normalized using MODIS-mapped dark forest as a reference (Broich et al 2011 , Hansen et al 2008b . A radiometric normalization was required to allow the application of generic per-pixel classification algorithms. Each pixel in each Landsat image was automatically flagged as being influenced by clouds or assigned a probability of the pixel being forest. Forest probability classification was based on the Landsat bands and normalized differences of bands, which have long been known to partially compensate for the effect of rugged terrain (Vincent 1973 , Cheng et al 2004 . Clear surface observations, acquired over multiple years, were assembled into per-pixel forest probability time series. These time series were then classified into either forest cover loss or no change. Cloud-free Landsat images are rare over Indonesia and clouds cannot be flagged with absolute certainty. As a consequence, individual observations are unreliable and the accurate, spatially explicit characterization of forest cover loss, as demonstrated by Broich et al (2011) , relies on multi-year per-pixel trajectories. All characterization models were based on supervised decision tree 6 'Peta Penunjukan Kawasan Hutan' in Indonesian. algorithms (Breiman 1996 , Prasad et al 2006 that have been previously used to successfully characterize remote sensing data (Michaelsen et al 1994 , Hansen et al 1996 , Friedl et al 1999 , Hansen et al 2003 .
MODIS data were classified with a decision tree algorithm following the approach of the standard vegetation continuous field product of the MODIS land science team (Hansen et al 2003) resulting in annual maps of per cent forest cover per 250 m × 250 m pixel. Pixels that lost more than 70% of their forest cover in subsequent years were identified for producing annual forest cover loss maps.
We disaggregated forest cover loss mapped at 60 m×60 m spatial resolution for the 2000-2008 time interval, by year, using the annual MODIS detections. Each 60 m × 60 m forest cover loss pixel overlapping with a 250 m × 250 m MODIS forest cover loss pixel was allocated to the year of the MODIS detection. MODIS-mapped forest cover loss pixels or parts of such pixels that did not overlap with Landsat-mapped forest cover loss pixels were disregarded. Landsat forest cover loss pixels that did not overlap with a MODIS forest cover loss pixel were allocated to individual years proportional to the temporal distribution of clearly allocated forest cover loss. We determined area of forest cover loss and forest cover loss trends for various sub-regions of the study area, namely Sumatera and Kalimantan, provinces, and land allocation zones.
Results
Spatio-temporal variation in forest cover loss
Forest cover loss for Sumatera and Kalimantan mapped at moderate spatial resolution for the 2000-2008 interval was 5.39 Mha, 5.3% of the land area, and 9.2% of the year 2000 forest cover ( figure 2 ). An example of the temporal disaggregation of the moderate spatial resolution map using annual MODIS-mapped forest cover loss for Riau province, Sumatera is shown in figure 3 .
The overall trend of forest cover loss of the two islands groups increased until 2006 and decreased thereafter. The individual trends for Sumatera and Kalimantan are different from the overall trend (figure 4). Forest cover loss on Sumatera increased almost monotonically until 2005 and decreased thereafter, whereas forest cover loss exhibited peaks in 2002-2003 and 2005-2007 in Kalimantan.
The analysis of per province forest cover loss revealed that the combination of Central Kalimantan and Riau provinces totaled 46% of all forest cover loss. On an annual basis, these two provinces accounted for a minimum of 40% of all forest cover loss (2000) (2001) and a maximum of 55% of all forest cover loss (2004) (2005) for the study area. Riau 
Forest cover loss in different land allocation zones
The analysis of forest cover loss within the official land allocation zones showed that 79.9% of all mapped forest cover loss occurred in land allocation zones that permit permanent or temporary clearing (table 1) . However, 6.5% of forest cover loss occurred in zones where clearing is prohibited, with 4.4% occurring in watershed protection zones, and 2.1% in biodiversity conservation zones. An additional 13.6% of forest cover loss occurred in limited production forests, where clearing is restricted. Clearing in watershed protection and biodiversity conservation forests did not show a distinct trend except for a year of maximum clearing in 2005 (figure 6). Clearing in limited production forests generally increased over the 8-year period of the study. As much as 27.3% of all forest cover loss occurred outside the official forest zone (table 1) , where a generally increasing trend in clearing was observed (figure 6).
Discussion
Spatio-temporal variation in forest cover loss
Our results extend those of Hansen et al (2009) , who identified a near-monotonic increase in forest cover loss from 2000-2005. Our results reveal a peak in forest cover loss in 2006 followed by a gradual reduction thereafter, and provide a spatio-temporally explicit quantification of forest cover loss in Sumatera and Kalimantan.
Forest cover loss within Sumatera and Kalimantan is a largely a function of clearing within Riau and Central Kalimantan provinces, respectively. Forest cover loss within Riau and Central Kalimantan provinces accounts for nearly half of the total forest cover loss in the study area; their proportion of total change did not increase or decrease over time. The individual trends for Sumatera and Kalimantan were different and reflected the dynamics of Riau and Central Kalimantan provinces, respectively. The trend for Central Kalimantan corresponds to van der Werf et al's (2008) MODIS-derived deforestation trend for South Borneo that has been linked to fire and El Niño droughts (van der Werf et al 2008). Dry season precipitation in Sumatera is spatially more variable than that of Borneo, and interannual variation in Sumatera's precipitation is less distinct (van der Werf et al 2008). Field et al (2009) identified differences in the relationship between drought and fire for Sumatera and Kalimantan before the 1980s and attributed them to differences in population growth and transition to large plantations. Catastrophic El Niño fires have been interpreted as people using the opportunity of anomalous climatic conditions to clear forests via fire (Fuller et al 2004 , Casson 2000 , an effect that possibly occurs when population density and the landscape proportion of large plantations reach a certain level. The deforestation curve for Riau province, as published by Uryu et al (2008) , shows similar patterns to the trend we derived for the same area. Riau province has the largest pulp mill capacity in Indonesia (Uryu et al 2008) . Relatively low deforestation rates have been interpreted by Uryu et al (2008) as a consequence of Riau's pulp and paper industry defaulting on its debt in the early 2000s and a large police investigation concerning illegal logging in Riau in 2007. In the interim period, our results illustrate Riau's rapid and extensive forest cover clearing. Variation in governance from one district to another has been debated as a region-specific deforestation driver (Smith et al 2003 , McCarthy 2002 . Variation in governance increased with Indonesia's decentralization after the years of the Suharto regime and has been held responsible for an increase in illegal logging (Casson and Obidzinski 2002, Smith et al 2003) .
Forest cover loss in different land allocation zones
Our analysis showed that the majority of all mapped forest cover loss (79.9%) occurred in land allocation zones that permit permanent or temporary clearing, while 20.1% occurred where clearing is either prohibited or restricted. Effective enforcement of existing biodiversity conservation, watershed protection, and limited production forest land use designations could significantly reduce forest cover loss. Furthermore, the increasing trend in forest cover loss in the limited production zone is of concern as clearing within this zone is restricted (Ministry of Forestry Indonesia 2003a). The trend within this zone mirrored that of the regional total, reflecting increased exploitation of limited production forests. We also found that a large and increasing proportion of forest cover loss occurred outside the official forest zone, an area that we mapped as 40% forest covered in 2000. Based on visual inspection of composite imagery, we interpreted forest clearance activity in this zone as replacement of oil palm plantation and small scale agriculture.
Both conversion and regular production forest zones exhibited a general increasing trend over the study period, with production forests having a higher overall rate of increase compared to conversion forests. Commercial forest land uses, such as timber plantations, are allowed within both production and conversion forests. Thus, while forest cover loss within biodiversity conversation and watershed protection zones implies the loss of intact forest, such a determination is not possible in this study for conversion and regular production forests.
Quantifying activity data in support of REDD+
Annual quantification of activity data is considered an important objective under REDD+ (Baker et al 2010) . For Indonesia, annual maps of forest cover loss have not been previously provided. For Sumatera and Kalimantan, our results illustrate an interannual forest cover loss dynamic similar to that found in the Brazilian states of Mato Grosso and Para (INPE 2010) . However, our estimate includes all forest cover loss, not just intact forest loss as with INPE's product. Given the identified high spatial and temporal variation in forest cover loss trends, annual change estimates will be needed for determining baselines and evaluating policy impacts, more specifically quantifying the displacement of forest cover loss and permanence of forest cover loss reduction. While the specific integration of our annual map products into the policy process is yet to be determined, we believe that using maps with lower temporal resolution (multi-year averages) would lead to an inaccurate evaluation of policy impacts. Total mapped forest cover loss from 2000-2008 was derived from Landsat imagery. The temporal disaggregation of this total was based on annual detections of a MODIS forest cover loss product. Small and isolated Landsat-mapped forest cover loss patches could not be clearly allocated using the coarse spatial resolution MODIS product. Instead, those areas were allocated to individual years proportional to the temporal distribution of clearly allocated forest cover loss. We assume that the Landsatderived totals and the inter annual trend per province, which was driven by industrial-scale clearing, closely approximated reality. However, the trends within certain forest land uses, for example watershed protection forests that are located mostly in uplands and characterized by small clearing patches, were less certain.
In this work, we did not differentiate the type of forest that has been cleared. The results of this study quantify the dynamics of all forest cover that has been lost between 2000 and 2008 for the study area including old growth, degraded, and secondary forest as well as timber plantations and oil palm estates. Differentiating forest types is important in determining emissions factors in a carbon accounting framework, but also critical in quantifying other ecosystem goods and services such as biodiversity conservation. Remote sensing-based identification of forest type is technically more challenging than forest cover loss mapping and is the subject of ongoing research.
Conclusion
The integrated use of multi-resolution remote sensing data is required for monitoring forest cover loss in many humid tropical forest zones with highly variable loss rates. Cloud contamination and restricted image acquisition strategies limit annual monitoring based only on Landsat 7 data for many humid tropical regions. However, Landsat 7-based maps over multi-year time steps are feasible. To date, annual forest cover loss maps have not been available for Indonesia, a country second only to Brazil in terms of area of humid tropical forest cover loss. Quantifying the spatial and temporal variation of forest loss 'activity data' within Indonesia is necessary in light of the ambitious goals of the Norway-Indonesia REDD+ Partnership.
Previous work quantifying Indonesian forest cover loss provided multi-year average maps (Government of Indonesia/World Bank 2000), sample-based estimates (e.g. Hansen et al 2009) , and annual maps for specific regions (Gaveau et al 2009a , 2009b , 2009c , Uryu et al 2008 , van der Werf et al 2008 . Our method is the first to map gross forest cover loss at moderate spatial resolution annually for Sumatera and Kalimantan, Indonesia. For Sumatera and Kalimantan, a large and rapidly changing area in Indonesia, the combined use of spatially detailed Landsat data with temporally detailed MODIS data allowed the disaggregation of Landsat-mapped forest cover loss to individual years. This was possible due to the predominance of industrial-scale forest clearing in Sumatera and Kalimantan. The analysis of our annual spatially explicit datasets based on multi-resolution optical remote sensing data revealed large variations in the spatio-temporal trends of forest cover loss. The high observed fraction of forest cover loss in zones where clearing should be restricted, or where clearing is prohibited, points towards a significant potential for reducing forest cover loss in Indonesia via the effective enforcement of existing forest land use designations.
The results of such enforcement should be verified using remotely sensed data sets. Operational satellite monitoring of national-scale forest dynamics will also provide information for the detection of displacement and the assessment of permanence in response to changes in forest governance. Annual monitoring is required to identify the impact of new policy and law enforcement in an environment characterized by high spatial-temporal variations in forest cover loss rates. Results from this study illustrate the value and important contribution of multi-source approaches to forest monitoring.
